1. Introduction {#sec0005}
===============

NADH:ubiquinone oxidoreductase (Complex I) is the electron input enzyme in the respiratory chain of mitochondria and many bacteria. It catalyzes the electron transfer from NADH to ubiquinone along the intraprotein redox chain localized in the hydrophilic domain coupled with proton translocation across the membrane performed by antiporter-like membrane subunits. These two processes, electron and proton transfers, are widely separated in space \[[@bib0005], [@bib0010], [@bib0015]\] and time \[[@bib0020], [@bib0025], [@bib0030]\] in contrast to other known redox-driven proton pumps. There is a consensus that the electron transfer from NADH to the last FeS cluster in the intraprotein redox chain, N2, is not coupled with energy conversion (see for reviews \[[@bib0035], [@bib0040], [@bib0045]\]). Also, it has been found that the redox potential of the bound ubiquinone is lower than −300 mV (comparable with the redox potential of −320 mV of the donor NADH/NAD) \[[@bib0020], [@bib0050], [@bib0055]\]; therefore, its reduction by N2 is not accompanied by a significant energy drop. Such unusually low ubiquinone *E*~m~ indicates restrictions in Q^2−^ stabilization by bulk H^+^ due to particular properties of quinone-binding site. Thus, the key event in Complex I molecular mechanism, energy transduction, should occur beyond the primary reduction of the ubiquinone: upon its protonation and release \[[@bib0045], [@bib0050], [@bib0055]\]. Two possibilities are under consideration: the tightly-bound quinone can be released from the protein after its reduction and protonation \[[@bib0010], [@bib0060], [@bib0065]\] or it has only limited mobility and shuttles inside the long channel between its reduction site close to N2 and the second ubiquinone-binding site where it can reduce a quinone in the membrane pool \[[@bib0035], [@bib0045], [@bib0070]\].

The question is whether ubiquinone protonation and/or movement are accompanied by conformational changes that transduce energy to the membrane fragment upon the enzyme functioning. The experimental data on the redox-induced conformational changes within Complex I is rather limited. An analysis by FTIR (Fourier transform infrared spectroscopy) revealed the structural reorganization in Complex I from *E. coli* \[[@bib0075], [@bib0080]\] and mitochondria [@bib0085] in the hydrophilic domain around FeS clusters, particularly N2, upon the enzyme reduction. The analysis of cross-linking data of nearby subunits revealed redox-dependent conformational changes in the hydrophilic domain that are possibly extended into the membrane domain at least to the area of the interface of these domains [@bib0090]. This was confirmed by the high-resolution structural studies of the oxidized and reduced hydrophilic domain of Complex I from *Thermus thermophilus*: the enzyme reduction induced an adjustment in the nucleotide-binding pocket and a small shift of several α-helices at the interface with the membrane domain [@bib0095].

Site-directed spin labeling of Complex I from *E. coli* did not indicate redox-dependent changes in the enzyme \[[@bib0100]\], however, the limitation of the engineering positions exclusively to the surface of the hydrophilic domain and the loop of the hydrophobic M subunit could be a reason for the observed lack of the changes. The dependence of photoaffinity labeling by Complex I inhibitors, such as fenperoxymate and quinazoline, on NADH enabled Miyoshi and coauthors to conclude that redox-linked conformational changes occur at the interface of the hydrophilic and membrane domains of bovine heart mitochondrial Complex I \[[@bib0105], [@bib0110]\]. It should be stressed that mitochondrial Complex I may exist in two states, active (A) and resting or de-active (D) \[[@bib0115], [@bib0120], [@bib0125], [@bib0130]\]; upon A/D transition the enzyme undergoes conformational changes where three subunits at the junction of the hydrophilic and hydrophobic fragment are involved \[[@bib0135], [@bib0140], [@bib0145]\]. Therefore, the data mentioned above may not be indicative of the conformational changes upon turnover, but they could rather reflect particular events that occur in the enzyme upon its conversion to the functional state.

Recently we have shown that oxidized Complex I from *E. coli* also exists in de-active, resting (R), state and it converts to the active (A) state [@bib0150]. To test whether Complex I from *E. coli* undergoes conformational changes upon its reduction, during the activation phase, two hydrophobic fluorescent dyes, NBD-acetogenin (NBD-Acg) and Annine 6+ that respond to changes in the fluorophore surrounding were chosen in this study.

Studying of NADH-induced fluorescent responses of these probes bound to Complex I let us make a conclusion that these fluorescence changes reflect two events occurring upon the enzyme activation: conformational changes and bound ubiquinone reduction. The obtained data allowed us to suggest that i) the conformational changes occurring upon R/A conversion of Complex I can be mapped to the junction of the hydrophilic and membrane domain; ii) Complex I contains two quinone binding sites; one, tightly-bound, ubiquinone molecule is reduced in R form, and the other, bound loosely, is reduced and exchanged with the pool quinone only in the A form.

2. Materials and methods {#sec0010}
========================

2.1. Synthesis of NBD-Acg {#sec0015}
-------------------------

**NBD-Acg**, compound **2**, was prepared in 7 steps using the previously described synthetic intermediate **4**, earlier prepared *en route* the synthesis of asimicin and bullatacin stereoisomers \[[@bib0155], [@bib0160]\] and the commercially available NBD-Cl (4-Chloro-7-nitrobenzofurazan), as outlined in [Fig. 1](#fig0005){ref-type="fig"}. NBD-Cl and chemical reagents used in NBD-Acg synthesis are commercially available and were purchased from Sigma-Aldrich.Fig. 1Synthesis of NBD-Acg, 2. Abbreviations: CH~3~CN, Acetonitrile; ClTi(OPr)~3~, Chlorotrisopropxytitanium (IV); CH~2~Cl~2~, Methylene chloride; DMF, Dimethyl formamide; DMSO, Dimethyl sulfoxide; Et~2~O, diethyl ether; EtOAc, Ethyl acetate; HF, Hydrogen fluoride; *i*Pr~2~EtN, N,N-diisopropylethylamine; MeOH, Methanol; NaN~3~, Sodium azide; NaHCO3, Sodium hydrogen carbonate; Pd-C, Palladium on Carbon; RT, Room temperature.Fig. 1

2.2. Bacterial growth and purification of Complex I {#sec0020}
---------------------------------------------------

The *E. coli* MWC215 (Sm^R^ *ndh*:Cm^R^) and mutant, NuoM E144A [@bib0165] and NuoCD R274A [@bib0170] strains were grown in LB medium at 37 °C in a 25 L fermenter and harvested at the late exponential growth phase. The membranes for Complex I purification were prepared by passing the cells through an APV Gaulin homogenizer. Then Complex I was purified by two consecutive chromatography steps using DEAE-Trisacryl M (Bio-Sepra) anion exchanger columns and gel filtration on Superdex 200 prep grade (GE Healthcare), respectively, as described [@bib0175]. DQ, decylubiquinone (Santa Cruz Biotechnology), and HAR, hexaammineruthenium (III) chloride, reductase activities of Complex I were measured as described previously [@bib0180].

2.3. Kinetic measurements {#sec0025}
-------------------------

***Monitoring optical changes upon Complex I reduction*** by dithionite and NADH were carried out at room temperature under anaerobic conditions using a high-resolution CCD-array spectrometer (HR2000+, Ocean Optics) combined with a DH-2000-BAL light source with filtering technology that produces a smooth spectrum across the entire range (Ocean Optics). Standard quartz optic cuvette, 10 × 10 mm was used. Sample volume was 1 ml. Acquired time-resolved optical changes were combined to form the data surface. Obtained data analysis was carried out using the MATLAB software (the Mathworks, Inc.). Decomposition of the kinetic data surfaces was achieved by global fitting run under a MATLAB interface using the Rakowsky algorithm as described in \[[@bib0185], [@bib0190]\].

***Fast measurements of Complex I activity*** by following NADH oxidation were performed by fast mixing of equal volumes of solubilized Complex I and buffer containing NADH (Unisoku Stopped-flow RSP-2000 apparatus) using a high-resolution CCD-array spectrometer (HR2000+, Ocean Optics) combined with a Xenon lamp. NADH oxidation track was fitted by exponential curve with time constant 1.2 s, the fluorescent response track was fitted by a logistic curve with a breakpoint at 2.1 s.

***Fast measurements of fluorescence responses*** upon mixing Annine 6+ bound to Complex I with NADH-containing buffer (1:1 volume) were followed using the homemade setup comprised BioLogic SFM-300 stopped-flow apparatus, high energy blue LED (460 nm) as a light source and Hamamatsu PMT R2949 for the signal detection. Microvolume cuvette was used. For absorption measurements at 340 nm the same stopped-flow apparatus was used but with a Xenon lamp as the light source and imaging spectrograph CP140 (Horiba Scientific) coupled with fast linear scan camera (spL2048--140 km, Basler Inc.) as the signal detector as previously described \[[@bib0150]\].

***The electric potential (Δψ) generation by Complex I*** reconstituted into liposomes was performed by monitoring absorbance changes (ΔA~588-625~) of Δψ-sensitive probe, Oxonol VI, as described in [@bib0180].

***Stationary measurements of fluorescence*** were performed using Hitachi F-7000 fluorescence spectrophotometer, λ~ex~ = 460 nm, λ~em~ = 550 nm for Annine 6+ and 540 nm for NDB-Acg at 25--30 °C except temperature dependence study where the temperature is specified. Anaerobic conditions were achieved by the initial purge of the solutions with argon, upon kinetic measurements the anaerobiosis was supported by blowing argon through the cuvette.

The assay buffer comprised 40 mM HEPES-KOH, pH 7.0, and 0.5 mM MgSO~4~ except [Fig. 6](#fig0030){ref-type="fig"} where it is specified. Complex I was added at a concentration of 0.5 mg/ml for spectral measurements, 15--30 μg/ml for Annine 6+ assay and 50--60 μg/ml for NBD-Acg assay except for stopped-flow experiments where protein concentration was doubled. Concentrations of fluorescent dyes were constant in all experiments: 0.6 μM Annine 6+ and 0.1 μM NBD-Ac. It should be noted that upon the concentration of purified enzyme the detergent, dodecyl β-D-maltopyranoside (DDM) (Glycon-Biochemicals GmbH), content could be also significantly concentrated. DDM micelles efficiently bound Annine 6+ and NBD-Acg and prevent binding of the dyes to the protein; therefore DDM was partially removed from some preparations. When DQ was used, the protein sample was incubated with it for at least 10 minutes to approach stationary ubiquinone distribution between water and micelles phases and, therefore, to avoid the rate limitation due to slow DQ equilibration between these phases. All experiments were reproduced at least three times.

Chemical reagents used for purification, reconstitution into liposomes and study of purified Complex I from *E. coli* are commercially available and were purchased from Sigma-Aldrich except specified otherwise. Quinol oxidase, bo~3~, was purified from *E. coli* as described in [@bib0195].

3. Results {#sec0030}
==========

3.1. Characterization of fluorescent probes used in the study {#sec0035}
-------------------------------------------------------------

**NBD-acetogenin** (NBD-Acg) ([Fig. 2](#fig0010){ref-type="fig"}, [Fig. 3](#fig0015){ref-type="fig"}) is an acetogenin analog in that the universal butenolide function was modified with an NBD fluorophore. Acetogenins are specific inhibitors of ubiquinone reductase activity of Complex I \[[@bib0200]\]. Like the parent acetogenin ([Fig. 2](#fig0010){ref-type="fig"}, **1**) [@bib0155]. NBD-Acg inhibits Complex I function potently ([Fig. 3](#fig0015){ref-type="fig"}). The acetogenin moiety was reported to bind Complex I between the hydrophobic and hydrophilic domains in the tight vicinity of the ubiquinone channel outlet \[[@bib0205], [@bib0210], [@bib0215], [@bib0220]\]; fluorescence of NBD is highly sensitive to the hydrophobicity of its environment, thus it should indicate structural re-arrangements in this area.Fig. 2Structure of a non-natural acetogenin stereoisomer (**1**), a related NBD (nitrobenzoxadiazole) analog (NBD-Acg, **2**) and the Annine 6+ dye (**3**).Fig. 2Fig. 3Titration of NADH:DQ oxidoreductase activity of solubilized Complex I by rolliniastatin (I~1/2~ = 11 nM), blue, and NBD-Acg (I~1/2~ = 50 nM), red.Fig. 3

**Annine 6+** (Dr. Hinner & Dr. Hübener. Sensitive Farbstoffe GbR, Germany) [@bib0225] ([Fig. 2](#fig0010){ref-type="fig"}, **3**), belongs to the class of hemicyanine dyes with annelated benzene rings containing an intramolecular dipole [@bib0230] and therefore capable to respond to transmembrane electric potential \[[@bib0225], [@bib0230], [@bib0235]\] or, like a styrylpyridinium dye RH241, to an intraprotein charge movement [@bib0240] or a change in local dipole potential [@bib0245]. Annine 6+ is relatively soluble in water but, nevertheless, it displays strong binding to lipid membranes [@bib0225] and its fluorescence is utterly dependent on the environment polarity.

3.2. Fluorescent responses of NDB-Acg and Annine 6+ bound to Complex I {#sec0040}
----------------------------------------------------------------------

Both dyes have almost no fluorescence in water solution; their fluorescence is strongly increased upon binding solubilized Complex I. Both dyes bound to Complex I respond similarly to the enzyme reduction by NADH: their fluorescence increases. The response is reversed when NADH is oxidized ([Fig. 4](#fig0020){ref-type="fig"}A). The amplitude of the response is not dependent on NADH concentration in the range of 10--100 μM. The fluorescent responses on NADH without added ubiquinone are strongly dependent on the dye:protein ratio what is discussed in detail below. An addition of decylubiquinone, DQ, results in strong quenching. The following NADH addition increases the fluorescence so long until NADH is not consumed ([Fig. 4](#fig0020){ref-type="fig"}B). The nature of these responses was studied.Fig. 4Fluorescence responses of Annine 6+ (ΔF~550~ nm, blue curves) and NBD-acetogenin (ΔF~540~ nm, red curves) bound to the solubilized Complex I. A. NADH addition is the absence of DQ. B. DQ addition results in the fluorescence quenching reversed by NADH. Fluorescent probes concentration: 0.6 μM Annine 6+ and 0.1 μM NBD-Ac. Complex I concentration: 20 μg/ml for Annine 6+ assay and 50 μg/ml for NBD-Acg assay.Fig. 4

3.3. Quenching of NDB-acetogenin and Annine 6+ fluorescence by ubiquinone depends on its redox state {#sec0045}
----------------------------------------------------------------------------------------------------

Since the ubiquinone in contrast to ubiquinol was found to be a strong quencher for a number of lipophilic fluorescent probes \[[@bib0250], [@bib0255], [@bib0260], [@bib0265], [@bib0270]\] we suggested that the amplitude of fluorescent changes in the presence of the added ubiquinone reflects the level of ubiquinone reduction in the vicinity of the protein. This suggestion was proved for both dyes, Annine 6+ and NBD-acetogenin, using detergent micelles, non-functional Complex I and proteoliposomes with either DQ or ubiquinone 1, Q1.

### 3.3.1. Annine 6+ in a non-protein system. {#sec0050}

Fluorescence of Annine 6+ was strongly increased in the presence of DDM at the detergent concentration higher than CMC and it was quenched by ubiquinone addition ([Fig. 5](#fig0025){ref-type="fig"}A). Under anaerobic conditions in the absence of DQ an addition of the strong reductant dithionite has no effect on the fluorescence of Annine 6+, while dithionite restored the fluorescence quenched by DQ due to the quinone reduction.Fig. 5Discrimination of ubiquinone redox states by Annine 6+ fluorescence in non-protein system (A) and bound to non-functional Complex I (B). A. 0.6 μM Annine 6+ was bound to DDM (0.1%) micelles. Under anaerobic conditions 60 μM DQ was added in the presence (dotted line) or in the absence of dithionite (solid line), indicated by DT. Addition of 0.5 mM dithionite to the oxidized DQ resulted in the fluorescence recovery while in the absence of DQ or when it was already reduced dithionite has no effect on Annine 6+ fluorescence. B. 0.6 μM Annine 6+ was bound to 20 μg/ml non-functional Complex I. The fluorescence was quenched by 60 μM Q1 (red curves) or DQ (blue curves) and restored in the presence of 2 mM dithiothreitol (dotted lines) in case of Q1 but not DQ.Fig. 5

### 3.3.2. Annine 6+ bound to non-functional, oxidized, Complex I {#sec0055}

Another way to show the discrimination of ubiquinone redox states was to use the dye bound to Complex I when the enzyme is not active. The addition of DQ and Q1 results in fluorescence decrease, which can be restored in Q1 case if the medium is supplemented with dithiothreitol (DTT) as a discriminative quinone reductant. DTT is capable of reduction of Q1 but not of more hydrophobic DQ. It is important that DTT does not reduce Complex I or produce any changes in Complex I activity and optical properties. When Annine 6+ was bound to non-functional, oxidized, Complex I the ubiquinones, DQ and more hydrophilic Q1, both, caused quenching, but the fluorescence could be restored by DTT in the latter case ([Fig. 5](#fig0025){ref-type="fig"}B).

### 3.3.3. Annine 6+ bound to proteoliposomes {#sec0060}

It should be noted that Annine 6+ was used for the detection of the transmembrane electric potential based on the Stark effect \[[@bib0225], [@bib0235], [@bib0275]\]; however, this dye did not show Δψ-dependent response on proteoliposomes containing Complex I upon proton pumping. If there was such an effect, it was negligible and completely covered by the strong influence of ubiquinone redox transition. The NADH-induced increase of Annine 6+ fluorescence was insensitive to compounds that dissipate Δψ such as valinomycin. On the other hand, this increase was greatly diminished or completely abolished by re-oxidation of ubiquinone by oxygen as catalyzed by added quinol oxidase, *bo~3~* ([Fig. 6](#fig0030){ref-type="fig"}A ). NADH-induced Δψ generation by reconstituted Complex I was verified using Δψ--sensitive probe Oxonol VI ([Fig. 6](#fig0030){ref-type="fig"}B).Fig. 6Fluorescence of Annine6+ bound to proteoliposomes does not respond to Δψ, but it reflects redox state of ubiquinone. A. NADH-induced fluorescent responses of 0. 6 μM Annine 6+ bound to proteoliposomes with reconstituted Complex I. B. Monitoring NADH-induced Δψ generation by Complex I across the liposome membrane by means of 3 μM Oxonol VI. Medium: 100 mM Hepes-KOH, pH 7.0, 1 mM MgSO~4~, DQ 100 μM. Additions: NADH 150 μM, valinomycin 1 μM, quinol oxidase bo~3~ 20 nM.Fig. 6

### 3.3.4. NBD-Acg bound to detergent micelles and non-active Complex I {#sec0065}

Unfortunately, the experiments under anaerobic conditions with dithionite cannot be reproduced to show the same phenomenon on NBD-Acg because the NDB fluorophore interacts with dithionite. However, similar effects could be observed with NBD-Acg bound to DDM micelles or non-active Complex I ([Fig. 7](#fig0035){ref-type="fig"}A,B) although in less extent. DTT reducing Q1 but not DQ restored fluorescence quenched by quinone only in case of Q1.Fig. 7Discrimination of ubiquinone redox states by fluorescence of 0.1 μM NBD-Acg bound to DDM micelles (A) or non-functional, oxidized Complex I (B). Fluorescence of NBD-Acg bound to DDM micelles was quenched by 60 μM Q1, restored upon its reduction by 4 mM dithiothreitol and quenched again in the presence of 20 nM ubiquinol oxidase bo~3~ (A). The same effect was observed with 60 μM Q1 (B, blue line) when NBD-Acg was bound with non-functional Complex I (10 μg/ml), while dithiothreitol did not affect quenching by 60 μM DQ (B, black line).Fig. 7

Summing up, in the presence of added quinone NADH-induced fluorescence changes of both probes are difficult to unequivocally interpret since they reflect the quinone reductase activity of Complex I as well as intraprotein events. Nonetheless, in the absence of added quinone these changes reflect the reduction of the bound quinone(s) and/or conformational changes in Complex I.

3.4. Dependence of Annine 6+ and NBD-Acg fluorescence on protein concentration {#sec0070}
------------------------------------------------------------------------------

The dependence of fluorescence on the dye:protein ratio is a significant characteristic of the dye binding. Total fluorescence of used dyes simply increases with growing concentration of Complex I. However, the amplitude of specific responses of the bound dye to NADH addition to Complex I can be saturated. Titration of NBD-Acg fluorescence by Complex I showed that the amplitude of the response to NADH in the absence of ubiquinone is saturated at approximately equimolar concentrations of NBD-Acg and Complex I ([Fig. 8](#fig0040){ref-type="fig"}), which indicates a specific binding of a single dye molecule to the site undergoing changes upon Complex I reduction. The saturation of NADH-induced response of Annine6+ fluorescence occurred at higher dye:protein ratio suggesting that 2--3 molecules of the dye bound to the enzyme are responsible for fluorescence changes upon Complex I reduction. The limited amount of sites accommodating molecules of Annine6+, which are susceptible to the enzyme reduction, also indicates a specific binding.Fig. 8Dependence of NBD-Acg and Annine 6+ responses to 10 μM NADH addition on the concentration of solubilized Complex I in the absence of added quinone. NBD-Acg concentration was 0.1 μM, Annine 6+ 0.6 μM.Fig. 8

3.5. Temperature dependence of Annine 6+ and NBD-Acg fluorescence responses {#sec0075}
---------------------------------------------------------------------------

The temperature dependence of the observed fluorescence changes may characterize the nature of events occurring upon the reduction of Complex I and its operation. The amplitude of the NADH-induced responses did not change in case of NBD-Acg in the temperature range of 15--45 °C. However, the rate of the response, calculated from the maximal steepness of the curve, changed drastically ([Fig. 9](#fig0045){ref-type="fig"}A,B). Shown for a comparison the temperature dependence of this rate in the presence of the electron acceptor DQ has a bell shape with the maximum at approximately 25--30 °C ([Fig. 9](#fig0045){ref-type="fig"}B), which is typical for the enzyme activity, whereas the rate in the absence of an electron acceptor grows exponentially with the temperature ([Fig. 9](#fig0045){ref-type="fig"}B). In the case of Annine 6+, the amplitude of the responses starts to drop at the temperature over 30 °C ([Fig. 9](#fig0045){ref-type="fig"}C) what could be due to concentration quenching if several Annine 6+ molecules are involved. Due to complicated temperature dependence, it is difficult to treat the data of Annine6+ response rate at a higher temperature; however, the rate in the presence of DQ grows significantly slower than the rate in its absence ([Fig. 9](#fig0045){ref-type="fig"}D).Fig. 9Temperature dependence of NADH-induced fluorescence changes of Annine 6+ and NBD-acetogenin bound to solubilized Complex I. A. Responses of 0.1 μM NBD-Acg on 10 μM NADH addition in the absence of DQ from 15 to 45 °C (right to left). B. Temperature dependence of the rate of NBD-Acg responses to NADH in the absence of DQ (empty circles) and in its presence (grey circles). C. Responses of 0.6 μM Annine 6+ on 10 μM NADH addition in the absense of DQ from 15 to 45 °C (right to left, the dotted lines correspond to the highest temperatures). D. Temperature dependence of the rate of Anine 6+ responses to NADH in the absence of DQ.Fig. 9

The data on temperature dependence of NADH-induced NBD-Acg responses is presented as Arrhenius plot. The plot displays the break at 23 °C ([Fig. 10](#fig0050){ref-type="fig"}); calculated activation energy is 130 kJ\*mol^−1^ and 50 kJ\*mol^−1^ at temperatures below and higher 23 °C, correspondingly.Fig. 10Arrhenius plot of the rate of NADH-induced fluorescence responses of NBD-Acg bound to solubilized Complex I.Fig. 10

3.6. Dependence of NADH-induced NBD-Acg and Annine 6+ fluorescence responses on the ubiquinone reductase activity of Complex I {#sec0080}
------------------------------------------------------------------------------------------------------------------------------

The effect of the enzyme activity on NADH-induced dyes responses was tested by using mutated Complex I. Two mutants with low ubiquinone reductase activity were studied: NuoCD R274A [@bib0170], and NuoM E144A [@bib0165]. The decrease of these mutants activity was due to mutations at different positions. In NuoCD R274A the mutation was introduced upstream of the ubiquinone-binding site in the hydrophilic NuoCD subunit, by the single amino acid replacement making the redox potential of FeS cluster N2 more negative [@bib0170] and, therefore, the electron transfer to ubiquinone is hampered. In NuoM E144A the mutation was made downstream from the ubiquinone-binding site, at the distance of approximately by 60 Å, also by the single amino acid replacement in the membrane NuoM subunit; this mutation blocks the ubiquinone reduction and proton translocation [@bib0165]. In the absence of added ubiquinone, without turnover, the rate of NADH-induced fluorescence response of Annine6+ bound to mutated Complex I was strongly decreased ([Fig. 11](#fig0055){ref-type="fig"}A) and it correlates with the quinone reductase activity of these variants (NADH:ubiquinone oxidase activity: 100% wt, 22% NuoCD R274A [@bib0170], 12% NuoM E144A [@bib0165]; maximal rate of NADH-induced Annine6+ response: 100% wt, 15% NuoCD R274A, 5% NuoM E144A). The effect of the mutation is less in the case of NADH-induced fluorescence responses of NBD-Acg because the wild type enzyme was already inhibited by the dye, nevertheless, the initial rate of these responses was about 50% of wild type rate for both mutants ([Fig. 11](#fig0055){ref-type="fig"}B). A significant deceleration of NADH-induced dye responses by the mutations in the absence of turnover indicates that the dyes do not respond to the reduction of FeS and FMN but their fluorescence changes reflect the events occurring upon ubiquinone reduction and/or release.Fig. 11Dependence of Annine 6+ (A) and NBD-Acg (B) NADH-induced responses on the activity of solubilized Complex I variants without added DQ. 10 μM NADH was added at zero time. Wild type, blue; NuoCD R274A, green; NuoM E144A, red. Conditions as specified in [Fig. 4](#fig0020){ref-type="fig"}.Fig. 11

3.7. Alternative reduction of Complex I {#sec0085}
---------------------------------------

To study the role of NADH in observed fluorescence responses the effect of strong reductant dithionite (−0.44 \> *E*~m~ \> −0.66 V [@bib0280]) was tested. Dithionite could be used in Annine 6+ assay because it does not interact with this dye ([Fig. 5](#fig0025){ref-type="fig"}A) in contrast to NBD-Acg. Reduction of Complex I by dithionite under anaerobic conditions resulted in Annine 6+ fluorescence changes similar to that upon the addition of NADH, regardless whether the latter was added under aerobic or anaerobic conditions ([Fig. 12](#fig0060){ref-type="fig"}). The reductant with the higher redox potential (*E*~m~ = −0.33 V), dithiothreitol, caused only negligible fluorescence changes of Annine 6+ bound to Complex I (not shown). The response to dithionite was fully reversible and can be followed by NADH response and vice versa. The rate of the response to dithionite was much faster than that to NADH ([Fig. 12](#fig0060){ref-type="fig"}) and cannot be resolved by the used experimental setup.Fig. 12Response of Annine 6+ fluorescence on reduction of solubilized Complex I by NADH and dithionite. 100 μM dithionite added under anaerobic conditions at zero time, red curve; 10 μM NADH added under aerobic and anaerobic conditions at zero time, blue and green. Annine 6+ concentration 0.6 μM.Fig. 12

It should be noted that after the enzyme is oxidized it converts again into the initial form: subsequent additions of NADH or dithionite resulted in the same fluorescence responses. Longer exposure of Complex I to NADH without an electron acceptor under aerobic conditions caused the enzyme destruction.

3.8. Redox spectra of Complex I upon its reduction {#sec0090}
--------------------------------------------------

To study the nature of the compound reduced by dithionite or NADH and possibly responsible for the Annine 6+ response we obtained the kinetics of absorbance changes upon Complex I reduction in UV-Vis range in the absence of added ubiquinone. The sets of redox spectra of Complex I were taken for 300 s after addition of dithionite or NADH under anaerobic conditions. Previously we have shown that the reduction of FeS clusters of Complex I intraprotein redox chain by dithionite is a slow process in the absence of mediators [@bib0285]. Indeed, the kinetics at 450 nm, where most of Complex I redox centers absorb, indicated slow, in the time scale of minutes, reduction of the intraprotein redox chain ([Fig. 13](#fig0065){ref-type="fig"}A, blue line). However, the kinetics at 275 nm, in ubiquinone band, was fast ([Fig. 13](#fig0065){ref-type="fig"}B, blue line). In contrast, the reduction of the intraprotein redox chain by NADH is very fast process ([Fig. 13](#fig0065){ref-type="fig"}A, red line), it is not resolved here since it takes less than a couple of milliseconds \[[@bib0020], [@bib0030]\], but the kinetics in the ubiquinone band is much slower ([Fig. 13](#fig0065){ref-type="fig"}B, red line). The spectra taken at 3 s after NADH or dithionite addition are shown in [Fig. 13](#fig0065){ref-type="fig"}C. By this time the reduction of the intraprotein redox chain is complete with NADH but negligible with dithionite. On the other hand, the absorption at ubiquinone band is close to its saturated level with dithionite, whereas it is less than a half with NADH. Comparison the kinetics of Annine 6+ response and absorption changes clearly shows that the reduction of Complex I intraprotein redox chain has no effect on Annine 6+ response.Fig. 13Kinetics of solubilized Complex I reduction by addition of 35 μM dithionite, blue lines, or 40 μM NADH, red lines, under anaerobic conditions. A. Absorption changes at 450 nm. B. Absorption changes at 275 nm. C. Redox spectra of Complex I taken at 3 s after addition of dithionite or NADH. Complex I at concentration of 0.5 mg/ml was solubilized in buffer containing 40 mM Hepes-KOH, pH 7.0 and 0.5 mM MgSO~4~.Fig. 13

3.9. Fast measurements of Complex I activation and NADH-induced response of Annine 6+ bound to Complex I {#sec0095}
--------------------------------------------------------------------------------------------------------

Following NADH:ubiquinone reductase activity by optic spectroscopy upon fast mixing of Complex I and NADH showed a significant initial delay [@bib0150]. We reproduced these experiment and monitored NADH-induced fluorescence response of Annine 6+ bound to Complex I using stopped-flow approach for the better time resolution. NADH oxidation kinetics could be fitted with an exponential curve with the time constant of 1.2 s. The track of fluorescence response has substantial sigmoidal character and it can be fitted by a logistic curve with the breakpoint at 2.1 s. The juxtaposition of kinetics of these processes is shown in [Fig. 14](#fig0070){ref-type="fig"}.Fig. 14Juxtaposition of NADH:DQ oxidoreductase activity of Complex I monitored by NADH absorbtion at 340 nm (blue line) and fluorescent response of Annine 6+ on NADH addition to Complex I (green line). The curves were obtained by stopped-flow apparatus (see Materials and Methods). The sample containing 60 μg/ml Complex I equilibrated with 50 μM DQ with or without Annine 6+ (1.2 μM) was fast mixed with equal volume of buffer containing 80 μM NADH. The kinetics of NADH oxidation was fitted by an exponential curve with time constant 1.2 s (red line). The kinetics of Annine+ fluorescence response was fitted by a logistic curve with breakpoint at 2.1 s (red line).Fig. 14

4. Discussion {#sec0100}
=============

4.1. Interaction of fluorescent dyes with Complex I {#sec0105}
---------------------------------------------------

Here we report that two fluorescent dyes, Annine 6+ and NBD-Acg, are capable of binding specifically to Complex I and responding to events occurring in the enzyme upon NADH oxidation. The fluorescence of both dyes is strongly quenched by ubiquinone and much less by ubiquinol. A similar effect on particular lipophilic fluorescent probes by ubiquinone was observed earlier; the quenching property of ubiquinone was used to study its localization and dynamics in the mitochondrial membrane [@bib0250] and model bilayers [@bib0255] by means of fluorescent anthroylstearate or pyrene derivatives [@bib0270] and the development of ubiquinone-quantum dot bioconjugates for in vitro and intracellular Complex I sensing [@bib0260] and reactive oxygen species imaging [@bib0265]. This discriminative ubiquinone/ubiquinol response is also a characteristic feature of the probes used in this study; we showed that the fluorescence of the probes corresponds the reduction level of quinone in the lipophilic phase (Results, section III). In the absence of added quinone, NADH-induced fluorescence responses of Annine 6+ and NBD-Acg report the reduction of the bound ubiquinone and conformational changes within the protein as a result of an increase in hydrophobicity in the chromophore environment. In the presence of added ubiquinone these responses also reflect Complex I activity. Such properties make both probes, Annine 6+ and NBD-Acg, useful tools to study Complex I.

4.2. NADH-induced fluorescence response reflects resting-to-active (R/A) transition of Complex I {#sec0110}
------------------------------------------------------------------------------------------------

Previously we have shown that oxidized Complex I exists in de-active, resting state, and it converts to the active state upon turnover. Here we present the results of a study aimed to shed light on this transition. NADH-induced fluorescence responses of both dyes regardless whether DQ was added exhibit similar non-linear kinetics with a lag phase typical for Complex I R/A transition determined by the rate of NADH:ubiquinone oxidoreductase activity [@bib0150]. Comparison of the kinetics of NADH oxidation and Annine6+ fluorescence response obtained by stopped-flow approach ([Fig. 14](#fig0070){ref-type="fig"}) cannot be straightforward since the former is exponential and the latter sigmoidal suggesting a number of sequential reactions. Fluorescence response kinetics can be fitted by a logistic curve with the breakpoint at 2.1 s; the value of this empiric parameter indicates that two processes, activation of NADH oxidation (characteristic time of 1.2 s) and Annine 6+ response, fall in a similar time range.

4.3. Tight- and loosely- bound ubiquinone {#sec0115}
-----------------------------------------

Monitoring redox spectra of Complex I after NADH addition showed fast (unresolved in this setup) reduction of FMN and FeS clusters whereas the bound quinone(s) reduction occurred slowly, in the same time range as the fluorescence changes. The fast reduction of the bound quinone, as well as fast fluorescence response, both faster than 1 s ([Fig. 13](#fig0065){ref-type="fig"}), were observed upon the addition of the hydrophilic low-potential reductant dithionite despite the fact that an interaction of dithionite with the catalytic center of Complex I proceeds slowly, in a minute time scale ([Fig. 13](#fig0065){ref-type="fig"}). Therefore, electrons from dithionite are not delivered to the quinone via the intraprotein redox chain, it remains oxidized at least for 3 s ([Fig. 13](#fig0065){ref-type="fig"}C). This means that quinone bound to Complex I is solvent accessible. Dithionite-induced fast fluorescence changes of Annine 6+ indicate that the dye responds to this quinone reduction. However, high-resolution structural data revealed that the hydrophilic head of the quinone molecule binds in the deep end of a narrow cavity inside the protein; the entrance of the cavity is most probably sealed by ubiquinone hydrophobic tail that may not allow any solvent into the cavity [@bib0290]. This finding combined with previously reported data on low-potential ubiquinone in Complex I \[[@bib0050], [@bib0055]\] makes plausible the presence of tightly-bound ubiquinone molecules in purified Complex I. The data presented here suggest the presence of loosely-bound quinone, which is not deeply buried in the protein and can be directly reduced by dithionite. If this is the case, the quinone content in the purified Complex I preparation should be 2 quinone molecules per FMN. Previously we reported the ratio Q:FMN = 1.3 in the samples of purified Complex I from *E. coli*; however, i) the amount of ubiquinone could be underestimated by incomplete extraction of the tightly-bound quinone and ii) the population of the loosely-bound ubiquinone in Complex I may be lower than equimolar.

4.4. The timing of events in the initial stage of Complex I turnover {#sec0120}
--------------------------------------------------------------------

Taking together the data on the electron transfer upon Complex I reduction by NADH obtained earlier \[[@bib0020], [@bib0030], [@bib0050]\] and results presented here allowed us to derive the approximate timing of the events ([Fig. 15](#fig0075){ref-type="fig"}). Electrons from NADH are delivered to the intraprotein redox chain in approximately 0.1 ms; the full reduction of FeS chain occurs in millisecond time range \[[@bib0020], [@bib0025], [@bib0030]\]. The reduction rate of the tightly-bound quinone is not yet known; due to the method limitation, we could observe only its partial reduction with a high time resolution. However, the time frames can be set: reduction of the tightly-bound ubiquinone falls within ≈1 ms (freeze-quench approach [@bib0020]) and ≈15 ms (stopped-flow approach [@bib0050]). Then the activation stage proceeds (1--2 s obtained by stopped-flow approach [@bib0150]). We suggest that in this stage Complex I undergoes the conformational changes that enable the reduction of the loosely-bound quinone and conversion of the enzyme to the fully active state. The loosely-bound quinone is released, and the turnover number approaches its inherent value of ≈300 s^−1^.Fig. 15Approximate timing of the events occurring in Complex I upon its reduction by NADH.Fig. 15

4.5. Indication of conformational changes upon the activation stage {#sec0125}
-------------------------------------------------------------------

The reason for the delay in the reduction of loosely-bound quinone could be the long distance between loosely and tightly-bound quinones, which impedes electron transport. Conformational changes should enable the ubiquinone dynamics and provide efficient electron tunneling. The fluorescence of the probes used here is dependent on the hydrophobicity of the dye-binding site which may be altered upon conformational changes and the reduction level of the bound ubiquinone(s); it is hard to determine the contribution of these two parameters in the redox-dependent fluorescence responses. However, the temperature dependence of the responses allowed us to make some conclusions. NBD-Acg is presumably located deep in the protein in the suggested acetogenin binding site; therefore, it should be subject to conformational changes. The temperature dependence of NADH-induced fluorescence responses of NBD-Acg, is indeed consistent with known conformational changes within the protein. The Arrhenius plot of this data obtained with NDB-Acg showed breakpoint at 23 °C and two values of activation energy of 50 and 130 kJ\*mol^−1^, above and below the breakpoint, correspondingly, were obtained. The lower value of activation energy is comparable to that reported for the A/D transition of the mitochondrial Complex I from frog muscle, 66 kJ\*mol^−1^, and carp muscle, 67 kJ\*mol^−1^, [@bib0295]; such transition in mitochondrial Complex I is realized via conformational changes \[[@bib0135], [@bib0145], [@bib0300]\]. The higher activation energy obtained at lower temperatures could be determined by the detergent properties: the viscosity in DDM micelles increases and affects Complex I dynamics.

4.6. Mapping the site of conformational changes {#sec0130}
-----------------------------------------------

Since NBD-Acg, which binds Complex I in almost equimolar proportion, should reside like acetogenin, the conformational changes can be localized between the hydrophobic and hydrophilic domains, in accordance with the data obtained by acetogenin photoaffinity labeling of mitochondrial Complex I \[[@bib0205], [@bib0210], [@bib0215], [@bib0220]\]. Two fragments of the ND1 (NuoH in *E. coli*, Nqo8 in *T. thermophilus*) subunit were labeled by acetogenin. One of them composes TMS 4th and 5th and part of the loop between 5th and 6th TMSs (site A) and the other includes 6th TMS and the second part of the loop between 5th and 6th TMSs (site B) \[[@bib0210], [@bib0220]\]. Acetogenin binding to the site B was suppressed by exogenous short-chain ubiquinone [@bib0210] suggesting a proximity of an entrance for pool ubiquinone. Recent studies of the acetogenin-binding site in bovine Complex I also mapped Asp160 in the 49 kDa subunit (Asp139 in Nqo4 in *T. thermophilus,* Asp 329 in NuoCD *in E. coli*) [@bib0215] which is located in the putative quinone binding cavity [@bib0010]. The 4th TMS in the NuoH subunit involved in acetogenin binding is the nearest neighbor of NuoA subunit, particularly its 2nd TMS ([Fig. 16](#fig0080){ref-type="fig"}) and plausibly takes part in energy transduction to the transporter subunits of Complex I. It is possible to assume that the observed conformational changes upon Complex I reduction result in closer contact between the NuoH and NuoA subunits and, thus, provide more efficient connection between the ubiquinone redox transitions and the proton translocation machinery in the membrane fragment that results in Complex I activation.Fig. 16Acetogenin binding sites in Complex I. Fragment of the *T. thermophilus* enzyme (PDB entry: 4HEA) is shown. The Nqo8 (NuoH in *E. coli*) subunit is shown in green, Nqo7 (NuoA in *E. coli*), in yellow. Two fragments of Nqo8 corresponding to that in the mitochondrial Complex I labeled by acetogenin are shown in red. Acetogenin binding sites were suggested to reside in the third matrix loop. An approximate position of the ubiquinone channel is designated by pale red. At the entry of the channel the Asp139 which is also shown to participate in acetogenin binding. In subunit Nqo7 loop Ser46 homologous to Cys39 involved in active/de-active transition in mitochondrial enzyme is shown.Fig. 16

In should be noted that our results on the localization of conformational changes in Complex I upon its activation are in line with studies of the A/D transition of bovine Complex I by specific labeling. The selective fluorescence labeling identified the transition-dependent exposure of Cys39 in the ND3 (Ser46 in Nqo7 in T. thermophilus, Ser52 in NuoA) subunit loop facing to the junction of hydrophilic and membrane domains [@bib0135] and resided close to acetogenin binding site ([Fig. 16](#fig0080){ref-type="fig"}).
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